Abstract
The oxo groups in the uranyl ion [UO 2 ] 2+ , one of many oxo cations formed by metals from across the Periodic Table, are particularly inert, which explains the dominance of this ion in the laboratory and its persistence as an environmental contaminant. In contrast, transition metal oxo (M=O) compounds can be highly reactive and carry out difficult reactions such as the oxygenation of hydrocarbons. Here we show how the sequential addition of a lithium metal base to the uranyl ion constrained in a
Pacman environment results in lithium coordination to the U=O bonds and single-electron reduction.
This reaction depends on the nature and stoichiometry of the lithium reagent and suggests that competing reduction and C-H bond activation reactions are occurring.
Main text
Chemical reactions of the oxo ligands of the uranyl dication [UO 2 ] 2+ are rare due to the strongly covalent and linear O=U=O bonding and, as a consequence, over fifty percent of known uranium compounds incorporate this highly stable motif 1 . In contrast, the oxo groups of the transition metal congeners [MO 2 ] 2+ (M = Cr, Mo, W) can be highly reactive, and undergo a myriad of oxidation and oxygenation reactions with substrates as inert as hydrocarbons 2, 3 . Nevertheless, reduction and oxofunctionalisation reactions of the uranyl are becoming increasingly important, particularly as there is a need to understand the chemical reactions and mechanisms that occur during the immobilisation of uranium in the environment and as a result of photoactivation of the ion, upon which it becomes a potent oxidant 4, 5 . The singly reduced uranyl ion [UO 2 ] + is thought to be produced in all of these reactions and is unstable with respect to disproportionation to the uranyl dication and insoluble tetravalent uranium phases. Depending on the substrate available, different mechanisms, including unimolecular electron transfer and H-atom abstraction have been identified 6 , but the instability of the pentavalent state hampers a better understanding of these process 7 . Significantly, the recent renaissance in actinide science 8 has included new anaerobic studies on uranyl reduction by reagents such as cobaltocene, K 2 (C 8 H 8 ) or potassium metal [9] [10] [11] [12] [13] , although the majority of pentavalent complexes isolated to date remain unstable with respect to disproportionation.
We reported recently a new type of chemical reaction of the uranyl ion, in which the asymmetric, macrocyclic uranyl complex 1 cleaved N-Si and C-Si bonds to form the singly reduced and oxosilylated compound A (Figure 1 ) 14 . This transformation was initiated by the reaction between 1 and potassium bases, and DFT calculations have shown that model compounds in which K cations bond to a uranyl oxo group can undergo S N 2-type homolytic bond cleavage reactions with silanes and aminosilanes 15 . Now we report that the use of lithium bases allows the synthesis and characterisation of a series of unique oxo-lithiated, hexa-and pentavalent uranyl complexes that adopt wedged, 'Pacman' geometries and that provide insight into the mechanism of reduction. 
Results and Discussion

Reaction of 1 with one equivalent of Li base
The addition of one equivalent of LiN(SiMe 3 ) 2 to 1thf in THF at 25 °C generates the red-brown, Figure 1 (L is the tetraanionic, wedge-shaped macrocycle drawn fully in Figure 1 ). Isolated in 51 % yield, 2thf has been fully characterised, including by X-ray diffraction ( Figure 2 ). This structure shows that the lithium cation is four-coordinate and bound in the bottom pocket to one iminepyrrolide group, the endo-uranyl oxo, and one molecule of THF. The U1-O1 (1.794(3) Å) and U1-O2 
Reaction of 1 with two equivalents of Li base
Reactions between 1 and two equivalents of LiN(SiMe 3 ) 2 in cold pyridine or THF affords mixture of diamagnetic and paramagnetic complexes, including the majority product 4py in pyridine (see later).
However, reactions in pyridine in the presence of dihydroanthracene (DHA), which contains weak C- at 128 ppm appears, suggesting that two Li environments are present at the low temperature limit. The asymmetric structure observed in the 1 H NMR spectrum is supported by a single crystal X-ray diffraction study ( Figure 2 ) of 3py that shows that both Li cations are four coordinate, one bound similarly to that in 2thf i.e. within the cleft to the endo-oxo while the other coordinates to the exo-oxo with its tetrahedral coordination completed by three molecules of pyridine. The U1-O1 (1.834 (4) Å) and U1-O2 (1.879 (5) 
Reactions to probe the mechanism of formation of the pentavalent uranyl complexes
It is clear from the above data that the sequential addition of Li reagents to the uranyl complex 1 leads ultimately to single-electron reduction and Li-functionalisation of the oxo groups. The most important mechanistic step of this process is the addition of the second equivalent of Li reagent as this is the point at which reduction of U VI to U V occurs; as such, we have carried out a series of experiments to probe this transformation.
The reaction between 1py and two equivalents of LDA in D 5 -pyridine was monitored by 1 In contrast, the reaction between 1py and two equivalents of LiN(SiMe 3 ) 2 forms mixtures of paramagnetic 4py, and diamagnetic 2py and 1py unless a substrate containing a weak C-H bond such as dihydroanthracene is present, upon which the formation of 3py is favoured. of 3py correlates to the solid state structure which may discriminate against an oxo-mechanism that would be expected to form a C s -symmetric uranyl hydroxide. However, it is seen that the Li cations in 3py exchange on the 7 Li NMR timescale and that intermolecular reactions between uranyl species can occur as evidenced by the conversion of mixtures of 4py/2py/1py into 3py at elevated temperatures.
As such, we cannot rule out an oxo-based C-H bond cleavage mechanism.
A pyrrolyl radical formed through an internal reduction mechanism would result, after H-abstraction, in 3py but its formation would necessitate a shift in the U VI /U V reduction potential to a value more positive than that of Li(pyrrolide) (E ox +0.40 V vs SHE in DMSO). It is known that pyrrole anion radicals adopt an α-pyrrolenine tautomeric form, indicating that the radical should be able to delocalise throughout the pyrrole-imine framework; deuterium-abstraction from the substrate may then lead to D-incorporation at various sites on the macrocyclic ligand as evidenced in the 2 H NMR spectrum. We have also found previously that the pyrrole-imine moiety can tautomerize to azafulvene-amine on metal coordination 25 . The need for a weak C-H bond is less clear in a mechanism involving internal reduction and formation of a pyrrolyl radical, as the reaction between 26 . It is therefore plausible that a pyrrolyl radical generated through an internal reduction process is only weakly oxidising and quenched by weak C-H bonds to afford 3py.
To further investigate these mechanisms, DFT calculations were carried out and the computed steps involved in the proposed paths A and B are found to be both kinetically and thermodynamically accessible at room temperature, Figure 5 (see SI for computational details). Figure 4 , the abstraction by the oxo-group from DHA has been computed and is found to be kinetically accessible with a barrier of 36.8 kcalmol -1 that is similar to that calculated for the analogous oxo silylation process 15 . Based on the geometry (the U-O bond is still short) the transition state is best described as a proton transfer between DHA and the exo-oxo group of [UO 2 ] 2+ , with the reduction of the metal occurring immediately after the proton transfer, leading to 3. A DFT calculation for the energetics of the alternative mechanism involving internal reduction and formation of a pyrrolyl radical (Path B) was not possible as it would not give the same product observed in the experiment and DFT cannot localise the electron. From 3, the formation of the triply-lithiated complexes 4 is computed to be highly favourable.
Conclusions
In the reductive uranyl silylation chemistry to make A we proposed that the direct interaction between this mechanism, and invoke instead H-atom abstraction by the uranyl complex, although it has not been possible to identify whether a U=O group or a ligand-centred radical in the complex cleaves the C-H bond. Unfortunately, DFT calculations have been unable to distinguish between the two mechanisms. Although the chemistry of 1 takes place in the dark, the fact that photochemicallyactivated uranyl dications are capable of the destruction of organic compounds by H-atom abstraction 27 ,28 via a substrate-dependent mechanism is notable in light of these results. The contrast to the silylation chemistry observed for the doubly-potassiated uranyl macrocyclic analogue suggests that the nature of the metals incorporated into the bottom pocket of the macrocycle are an important variable in expanding the scope of this reaction, and that these complexes should offer access to a wide range of new covalent bond-forming reactions of the uranyl oxo group.
Methods summary
Working under a dry, oxygen-free dinitrogen atmosphere, with reagents dissolved or suspended in aprotic solvents, and combined or isolated using cannula and glove box techniques, we first treated 
